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I. Introduction 

The adeno-associated viruses (AAV) are the only known DNA ani- 
mal viruses which are absolutely dependent upon coinfection by a 
second unrelated virus in order to undergo productive infection. They 
are members of the family Parvoviridae, which are among the small- 
est of the DNA animal viruses (Siegl et al. f 1985). The Parvoviridae 
genome is a linear single-stranded DNA molecule approximately 5 kb 
in size which is encapsidated in a naked icosahedral particle 18-27 nm 
in diameter. In addition to one genus of insect viruses (densoviruses) 
the family contains two genera that infect a broad spectrum of verte- 
brates ranging from birds to man. The parvoviruses are able to repli- 
cate autonomously in infected cells but require actively dividing cells 
for a productive infection. Although the dependo viruses (AAV) are 
structurally similar to the autonomous parvoviruses, they are abso- 
lutely defective and require coinfection with structurally unrelated 
adenoviruses or herpesviruses for a productive infection to occur 
(Atchison et aL, 1965; Melnick et al, 1965; Hoggan et al., 1966; Buller 
etal., 1981). Adeno-associated virus does not have any structural relat- 
edness to either of its helpers; on the other hand, the three viruses do 
represent all of the known vertebrate virus families with linear DNA 
genomes that replicate in cell nuclei. 

Several significant questions arise with regard to the biology of 
AAV. (1) AAV is structurally unrelated to either of its helpers. With 
the exception of rather short sequences (albeit in rather interesting 
regulatory regions) there is an absence of significant homology among 
the DNAs of the three viruses (Rayfleld et aL, 1986). Yet the require- 
ment of helper virus coinfection indicates a function or functions pos- 
sibly shared in common. In fact, all aspects of AAV macromolecular 
synthesis are affected by the helpers. Thus, is there a rather striking 
universality in spite of the apparent differences? (2) AAV is wide- 
spread in the human population and in other species, yet has never 
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fi£?h T\ 'ATw 3 7 dlS6aSe - What are the P° tential consequences 
for the host of AAV infection? Tied in with this is the question of the 

balance between AAV and its helper viruses, the consequences of the 
presence of AAV, as well as the normal host responses for either an 
adenovirus or a herpesvirus infection. (3) Because it is defective AAV 
taces a special problem in terms of the biological continuity' of its 
genome-the helper virus will not always be present. How the AAV 
replication cycle is capable of overcoming this potential problem is of 
major interest. 

The aim of this article is to present our current knowledge about the 
basic mechanisms underlying. AAV replication in light of the ques- 
tions posed above with a particular emphasis on the explosive increase 
m information that has been made possible in the last several years by 
the advent of recombinant DNA technology. 



II. Background 



Adeno-associated virus was discovered in the late 1950s as a con- 
taminant of adenovirus preparations by observation in the electron 
microscope. Although initially considered to be either a precursor or a 
breakdown product of the adenovirus virion, by the mid-1960s AAV 
was determined to be a distinct virus which was dependent on ade- 
novirus coinfection for its own multiplication (Atchison et al 1965" 
Melnick et al, 1965; Hoggan et al., 1966). Subsequently it was dis-' 
covered that vanous herpesviruses could also function as helpers al- 
though the question of whether infectious viruses were being produced 
was unclear. More recently it has been reported that at least Herpes 

T i SnT!? ^ 1 \ nd 11 Can functi0n as total hel P er * (Bulled 
al 1981). To date, though, AAV has only been isolated from people 

and animals undergoing a concurrent adenovirus infection (Blacklow 
et al., 1968a,b). Thus, the frequency with which herpesviruses may 
serve as helpers in the natural state is unclear. Adeno-associated virus 
has been isolated from a number of species and the thought is that 
AAV may potentially be isolated from any species for which there is 
an infectious adenovirus. Again, whether AAV is present in species 
which are infected by herpesviruses but not adenoviruses (if any such 
exist) also is unknown. The situation is somewhat complicated by the 
fact that ,n cell culture AAV is not specific for its normal host species; 
e.g., human AAV may be replicated in canine cells coinfected with a 
canine adenovirus (Hoggan et al., 1966). Although AAV does not ap- 
pear to be completely species nonspecific, this type of broad host range 
supports the notion of a commonality of a variety of functions critical 
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Fig. 3. Map of AAV2 RNAs and 
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fZAm^n- M8 T " 1969; Berns a " d Bems and 

pair « ol 2 l U p ^C aC S D t COn "" e T nt l ry Stani « 
various studies of DNA^tructure In mmrast'to ST. ? 8SSiS,MCe W 

T-shaped structure illustrated in Fi S 2 is formed Of 6 
this structure are that (1 \ „„i u l0rmed - 0f Particular note in 

are needed for T u } Y S6Ven baSes are un P*ired, six of which 
T»Z if T hair P' nnin g squired to form the crossarms of the T 
shaped structure, and the seventh serves to senary nJ7 
arms- and (?) all «f +k„ u • st ; Iveb 10 separate the two cross- 

exSptfon are GC ' n* Sf P3irS WltHm the crossar ™> with a single 

heSrCene us- onlvIS ti^T™ ^ T"™ 1 13 a ' S ° 

s eous, only do 7c of the o termini have the sequence TTG; 50% 
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and e t C hTHiff 0f 3P u Parent differen «* between AAV and its helpers 

Th ls idea wou.d a als A o A bI[n eP ^^^^ t ^ 
e^nT^ 

Phases of AAV r tud CaSe 15 far more implex. Indeed all 
virus fuLis BecaS of ts ^ ^ Gm f^^ 5 ' rGquire he, P er 

negative for adenovirus (Harrison ef^^VT^ . * 13 DNA 

«^sS^ A A^^/~^. n req r d for adenovirus DNA svn - 

affect adenovirus htT r^l af the? fT"' in this * ene 

tural proteins (KlesS 197? K I £■ ^ p f S J nt ^ sis ° f some st ™- 
aZ 1981 i „nV u u ' ' Klessi & and Grodzicker, 1979; Kruijer ^ 

MV WrioTll^nX T^' t0 3ffeCt Pr ° dUCti0n <>f infeciL 

225^ f 98 fc^ S d a L nd ^ I 
for two smal RNA S a »J Laughlm, 1984). Adenovirus codes 

^^^^^X^V 1 ^ vi T associated (VA) 
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ORFs and the three transcripts are finally expressed as at lp nc t r 

5. Proteins 

w Jo he J C are three AAV coat Proteins: VPl 87 kDa- VP? 79 tn 
VP3, 62 kDa (Johnson et al 1 Q71 1 Q7* V , ' Da; and 

Mayor, 1977). The Zn^Z^)^? aL > 19 f 71 = Sal ° -d 
extensively; essentially all ^S^^S^Z^^ 

bee^^d^ p T teins has 

by the fact that the 5' t^^^S^rZ aque ° US solv L ents and 
currently thought that th™« Iif The manner »n which it is 

sin* ORF tt^^^E^^^*™ * 
and genetics, respectively. The situation i, fcrrtT ? ™P'"«>tion 
ports that multiple sped of wlTvn^Z 'rZl en™ 

d^ren, stents i posSsS^ JSS^^SZT " 

IV. Replication 
On the one hand, the small size and simple structure of th* AAV 

and IsT? C ° mPleX J by ' he feCt the -lationship See„ A 7v 

v i . V ne ^ el P er > but the reverse is also true- reolication nf th* 
helper „ affected in many ,„ s ta„ces by the concorni Jt rXtl of 
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Fig. 4. Model for AAV DNA replication. See text for details. 

Because of the inverted repeat, the same sequence is at the 3' ends of 
both DNA strands so that the primer is in common. (3) Features 1 and 
2 confer an extensive capacity for self-repair on the ends. Within the 
tirst 25 bases, therefore, there are the equivalent of four copies of one 
sequence. Overall there are two copies, by definition, of the inverted 
terminal repeat. As an example, pSM609 is a recombinant plasmid in 
which 113 bases have been deleted from the left end of the AAV 
genome and 9 bases from the right end (Fig. 5). Yet this plasmid is 
viable infectious progeny are produced, and the progeny genomes 
have the wild-type sequence at both ends (Samulski et al., 1983) Sev- 
eral models are possible to explain this result. One is as follows- The 
right can still hairpin and serve as a primer. The first 9 bases inserted 
effectively repair the deletion on the right end. The 32 bases that 
remain of the inverted repeat will be at the 3' end of the progeny 
strand and able to base pair with the intact inverted terminal repeat at 
the o end of the progeny strand. The 5' overhang resulting can then be 
used as a template for extension and repair of the 3' end. Thus as long 
as a potential template remains, a deletion within the terminal repeat 




252 



KENNETH I. BERNS AND ROY A. BOHENZKY 



less defined in the case of required HSV functions Mutant, h av u 
identified which do not support AAV DNA repl cation InH n i " 
nary stud.es have shown that one or m0 re of the HS V mmedta tw'v" 
XIT ^ tranSCri P tion (Tilley and Mayor 984 
Labow, S. Silverstem, and K. I. Berns, unpublished observations).' 

B. Genetics 

Jt if !? approa k c , hes t0 the ^netics of AAV are exceedingly diffi 
cult if not impossible, m a practical sense because of the defect veness 

that when the intact double-stranded form of th» A a v 

cloned into a bacterial plasmid sucHs D S?9 th AA ^ genome ' S 

Ue.\„~ j ■ , s lllul ei aL > Woo). It the cells are coinfected with 
helper adenovirus the AAV genome is rescued fmm " miecte ° Wltn 
plasmid renlirat,^ is rescued from the recombinant 

Pidbmia, replicated, and progeny virus are produced Because rh P *n 

variety of functions involved in the process of replication One cavpat 
is important ; with regard to the conclusions drawm The dete^L of the 

SatTS t f A , AV g6n0me iS reSCU6d f-m the nteg/a ed 
state m the plasmid are unknown. It is possible that th» a a v B 

iH^T ?!! T erVati ° n in mind two regions of the genome have been 
denhfied that are critical to DNA replication. The ffrst is thetnverted 
terminal repeat which is considered to function as the m for AAV 

T^T^t ^ l Y bGl0W ° n DNA -PHcation (Sam 
uisKi etal 1983, Senapathy etal, 1984). A functional terminal reneat 

s required in m for AAV DNA replication. The specializTseauence 
arrangement at the ends of AAV confers special pi^e^Ta" ST 
cause of the palindromic nature of the terminal 125 bases the DnI 
can hairpin to serve as a primer for DNA synthesis (Figs, an 4) (2) 
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St'S'of p» 60 b 9 CaUSe ° f * e "~4y Prasen. ., , he 

ie ft T hXft^f t Av ™ A rep,ic r ion is the orf m th « 

within this rp»i n f w„ b r,M« ° elet '<>™ and nonsense mutations 

j r>erns, iy^j. ihe two transcripts are present in hnth 

against oligopeptides synthesized to correspond to the appropriate 
DNA sequences in the ORF (M. A. Labow, K. Jones, B Dunn anS K I 

aSS^^^ ^ Si26S °^he prot^T^ed 
tran-i ♦ j * SDS-acrylamide gels would suggest that they are 
translated from the unspliced forms of the transcripts Because of t h! 

2 tn Thi, r r °n UCt .° f th , 6 p5 tpanscri P t is rec J uired for DNA 

a^Sm^^tftf ' be P °f ible t0 direCtl ^ demonstrate 
reqmrement tor the pl9 transcript product by mutating the putative 

initiator codon to a nonmethionine codon, but ihis experiment has not 

yet been done It 1S currently assumed that both of the polypeptide! are 

required Possible roles are discussed below in Sections IV SndiVE 

transcription and DNA replication, respectively. Smaller OrSJS 

Mutations within the ORF on the right side of the genome do not 

Helti:77 l mlV h : A . AV dUP ! eX -P^^vemtermedia^s 
ermonat et al., 1984, Tratschin et al., 1984a). However the 

question of mature virion linear single strands is affect It is 

known (see below) that the ORF on the right side codes for the coa 

C. Transcription 

1975rr baSiC ^^^Pta have been reported (Laughlin et al 
1979b, Green* al., 1980; Marcus et al., 1981; Lusby and Berns 1982) 
AH are cop.ed from the minus strand (Carte et a/., 1976) The^e fs n 0 
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S^ft^^S d TlZ tseem llkely - Rath ^ 

initiated at the unusuaf codon Ice ^ ^ ° RF ' but VP2 is 
(Becerra etal 1985^ , ° a ? u P_stream from the first AUG 
VP2 synthe^^^f"!^ ^^^ly small amount of 
Hkely at the momen tLt a dffJ ^ ° f VPl ' ifc seems rather 
used to code for the Drotein * d f ^ Spl ' Ced 2 " 3 " kb transcript is 
with this not on FirlTerLZ "J"? f 3re in accord 

acceptor sites occur F**** 1 * 1 Sp,ice donor and splice 

ond, the hypoSi^A^S^^ T ^ 6) " SeC " 
would contain an ORF in th. Jf Ultmg / r ° m the alternative splicing 
for VP1. Third a larL It r PPr ° Pna 6 ^ kr ^ e enou S h *> code 
tron. If and onlv fTh.T ?k P ' aCed within the P uta ^e in- 
curred ould 2 3^0 AAV R NA h Cal K alternatiVe 8plidn * event «*" 
indeed seen when the exnedmen^" ^ f™ duced - S ^ RNA was 

source of VP1 Finally m,,t an t 0 k f ternatlve 2 - 3 "kb mRNA as the 

mutant -pedfic^^fSrKSr ^ ** for 3 

. wnicn is a minor component of the virion 
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evidence for any transcription from the dIus stranH Th Q *< * • • 

(Srivastava etll %£) are cappedffi ST P ° Si ' i0 " 96 

j ?, ' and p40 tra nscnpts, respectively All the 5' tp™;„i 
preceded by a TATA hnv ■?) + , V I y ' 0 termini are 

imatelv 21 h»7 P f ° lyade 7 latl0n si ^al (AATAAA) exists approx 
imately 21 bases upstream, from the common termini,, n f th a *L 
transcripts (Srivastava et al 1 qqo\ rwT te ™ in "s of the three 

intervening sequence removed is approximately 4) I hf " , \ 
base 1906 to base 2228 on the ^^viteJa ^^3)^™ 

^TandV^r' and SpHced specieHf rts r fp t a r e pi 
4.^ and 3.9 kb, respect vely nl9 sfianrl^u «"^ii P ts are po, 

2.6 and 2.3 kb, respectively ^ respectlvel y; and P 40, 

fccumuit ,r!irv < ET? rH ■ * 

somes (Green S < iX'S^JS ? kb t ^ T'^ ^ 
all three coat proteins but thi p4 ° f 2 3 * kb Spe ,_ cies 13 kn °™ to code for 
is unknown Jay e a / 1981 £"? TV"^ thiS iS accom P^hed 
Can one RNA code ft morM ' ^ BeCemi e/ < 1985 >- 

cases ^ linn r ? than 0ne protein directly? Several such 
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effects of the AAV genome, plasmids in which U ,„ a 
inserted into P BR322 are transfected into cells ? AV ^nme is 
adenov.rus. Under these conditions, either 8- a*! ' """ 4h Sper 
nonsense mutations or large deletions within thl' cause 
hat would affect only the protein(s) coded for by ,', /""" OR and 
the pro terns coded for by both the P 5 and pl 9 trl "'* ''«/«rri p ? or 
cumulation of the major p40 2.3-kb "spliced tm„» ■ IV * '''^Tss ac 
unsphced species) to a very low constitutive l eve T , ' U * 2 6 kb 
of helper adenovirus infection (Labow et al. 198 6 , '" "' absen l 

IS- b* £r e lds contai r g only the ^:;:r;; '-^ " 

S f , ' PerS ° nal comi ™nication; Labov, ' , al 
effect is not dependent on AAV DNA rep icatiT £ 
construct , in whkh there suffi -P - , ^ £ Th s 

both terminal repeats (or,- mutants) that the AA V <55>in 

Sin tT" reP,iCated ' Pr6SUmably beC3USe 

hairpin to serve as primers for the initiation of DN/' ' »" longer 
the internal sequences are intact, such clones ace ' "''"'""^ w£L 

mutated. Since simple base inserts exhibit the e ff*i " "'^'*riatelv 
one or more of the products of the left side of th Z y "Me that 
positive regulatory effect on the expression of ,£/*''*^4ert a 

exnl r/^ lat0ry effeCt is com Plementable in . '"«> 

expected if the gene products were exerting the r^'" wmld I be 

taote of the type described above can be comp ^Z'"' Mu- 

with large deletions in the right-side ORF. In L < " *utante 

P40 RNAs transcribed from the left-sided mutamt"' '* — -t 2 kb 
results are in accord with the prediction of the ^ * T hu , the 

^TO^^ We now know *at th, w:r ::r L ss 

Mutations on the left side of the genome also d~ 0336 
ion of either the P 5 or the P 19 tranLipte H^T'' - **u muIa 
implemented certain mutations may actual ^sln 
cumulation. When on- left-side mutants with /" — t c'h ac 

? 19 Pr ° m0ter are complemented by" * 1 ''^-n th^t 
r ght-side deletions in the capsid genes so that // , ""'^ with 

Zezte than ^ mut «" - V"-" --on can 

S! !n ? ™ al amounts - in fact to nearly v.. v, much 

'X P Sm?T CI,?rt fr0m th3t gen ° me — ulalr - '." — t Th2 
pear that there is a cis-active element in the AA V " ' "v J)d an 
side (between map positions 10 and 37) which ext ' ' he left 
tion on at least the p5 promoter expression t^l//^ r.Jula 
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^^i&SJ^^^ VP2 «d VPS are u, 
forms. PP ear s likely that the P 40 transcript has two spliced 

^^1^^^^.^ Whlch —pond to the , eft 

DNA replication to occur It seems S^i! ^TT 1 ^ manner for 
P19 transcripts or modm«&^^^*^ -d the 
as pointed out above, the apnarent ™. 7 messengers. Again, 
Proteins as determined fZZ^ t in SDs" T^, ° f ^ two ^ 
consistent with translation from h! S ^P°lyacryIamide gels are 
Pl9RNA8.Thu8,whS«;Sl? a e , U f PllC6d SpedeS 0f the P 5 and 
or whether they are sZ ' ? X1StS f ° r the SpHced s P eci <* 

of containing S pl ice donor an I & PWduCtS 35 3 Sequence 

this time. aL^^^^^.^^ determined at 
mg at base 2182. Under coSL If Slgnal exists start ' 

-ignal was deleted some evTden e ^ £ r *?! P ° lyad ^ 1 ^ 
lated at this position Whether th. NA Sp6Cles P°lyadeny- 

does what its function Tght b are unkn" 3nd ' if » 

Berns, unpublished observations) M " A " Lab ° W 3nd K " L 

D. Self-Regulation of Gene Expression 

piXhTpe 0 : r s ^fiL s r r e major functio - 

coinfection or the presence 0 f fun H , t**™ ° f 3 hel P er vi ™ 
genes in the integrated stal fL .H - 3denovirus Bla and 2?i6 
difficult, if not impossible StoZ^^f^ ^ * *» 
as.de, when plasmids con ainin7 A AV transcn P tion - As an 

transfected (by means of the CaPC > £ r ° mote f rs \ es P e ^lly P40, are 
cells lacking functional helper SmJeSiSf ^ int ° 
when AAV is infected intoheat-shocS el (M a"^?' X ° r 
Berns, unpublished observations) ; Cel ' S u ( , M ' A - Lab ™ and K. I. 
(approximately 2-5%) ofTAVtr,^ /uf-^ t0 detect ,ow ^els 
regulation, a significant^^ 

nome functions fas fvely ZtZ /T 33 Whether the AAV ^ 
of its structural^ ^or ^etSTtZT^ 011 ° Hhe 6Xpression 
the regulation of this proems Evil , P & ^ 3Ctive role in 
dearly demonstrates thafth^f tter "^h PrCSented be '° W <* uite 
dearly has a major role in th r " lat on' ITit ^ AAV qUite 
virtue of both cis-active re^ulatorf 1 * g f ex P ress *°n by 

The left side of the AAV ^ ? Sequences and trans-activation 

cumulation of the WtoZ&T^ P ° Sitive effect on *> 
P transcn Pt- To demonstrate the self-regulatory 
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account and be able to explain the features of the mature DNA Possi 
bly the two outstanding features of the AAV genome an jfliat he 
genome is a hnear single polynucleotide chain and thaUhe ends of L 
genome are inverted terminal repeats characterized by ^Stf™i 
mdromic sequences. A particular feature of the terminal pTatsl' he' 

5 P Tg " 5 S q o U f e th e e h6te T ne ; ty 3t b ° th the ^ -ds S ™ 
tu- I ' the repeat and withi n the palindromic remon (i * 

■, i» / /, spear et aL, 1977; Lusby et aL, 1980). Any linear DNA far^ 
special problems with respect to the replication of i s ends This I a 

T^n^^£, nUde0tide S6q r nCe repeat (e «" adenovirus 

Llnl to ♦ P g6S ' res P ectlvel y) or palindromic terminal se- 
quences (autonomous paroviruses).or a combination of the two e e 

rt e r f rATvTNA rUSeS r ^ AAVX THe m ° del Whlch has & 

It I derived f m ° del ^7 ° NA repIkati0n is illustrated inTg 4 
DNA mo V ec U l sThat for the -phcation of eukary^tic 

raSifSLT Pr ° P0Sed by Cavalier "S m ith (1974* Its 

directlv formTh. . 6 mcomm S Parental virion strands 

deTJ^uSdt^ rPin ^ ° r firSt f0rm si ngle-stranded cir- 

order f„ r t „/eS X^^^E^,^- '* 

ends ««S k £d C, SiV t *, bi ' iMd J b ? " aSe Pairi " S >»t»«„^ 
to be termed, the first round of replication would be struc- 
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nrlT! S w n u 6CaUSe aH ° f the mutants used hav * deleted the pig 
promoter We have termed this cis-active signal dep, or a depressor for 

"TonH V - R "T* m ^ ifeSt WhCn ° NA replicSion occurs Und 
on conditions with no DNA synthesis the accumulation of the d5 

ot the P 40 RNA species from the same genomes. Thus, it might be 
considered that the cis-active signal is a way .to. compensate for a 

C r?ptn n u7T "I 116 nUmb6r ° f P ° tential templates f t L 
scnption. Under the conditions described above, when an ori + left-side 

mid ::^t S C ° m P ,emented * an ori + right-side deletzon P las 
mid, an actual decrease is seen m the amount of p40 RNA species from 
he genome with the right-side or capsid gene deletion relat ve either 
to transfection by that mutant alone or relative to the P 40 species from 
the genome with the left-side rep gene deletion present in the comp " 
mention experiment. Therefore, it seems as though there may ato 
be clS -active negative regulation of the capsid gene expression^) hv 
a se qU e nC e on the left side of the genome. Whefhei " Tot t7e slme ds" 
act lve signals are responsible for the negative regulation of p5 ex 

ZTT: rnow e n re T P he nSible ° fp4 ° 

not yet known. There is evidently a fine modulation of gene ex- 

presBion because early in infection the P 5 and p!9 transcripte Ire 
present in amounts at least equal to the level of P 40 RNAs but later 
reel 4T dUCtS ° f P5 3nd Pl9 * enes are Uent t opos iSSj 

S llZZT lon ' what r r negative signals there «« — t 

more effective at depressing P 5 and presumably pl9 gene expression 

L a s n is P tn s e u XPreSSi0n ', WhlCH 13 reqUir6d f ° r Structural ProteTn S yn n 
thesis. In summary, it seems clear that the regulation of AAV RNA 

er virus functions, and possibly host cell functions, and trans-active 
positive regulat.on by AAV gene products as well as modulated ci s 
active negafve regulation by sequences within the AAV genome 

sermon A°nof t °h St ^ ^ imp ' kated " ' AAV tran- 

scnption. All of the promoters on the AAV genome corresnnnH ^ tu nB 

recognized by host cell RNA polymerase nffiSZ^fK 
is the enzyme responsible for AAV transcription. The P 40 promoter 
ulTnrRNA y n n r r 0gniZed ^ t0 initkte transcription " " 
Sr f 98 0b lymeraSe 11 C ° ntaining Cell " free 6Xtract «*»» ^ 



E. DNA Replication 
The mature virion genome is the end product of the process of DNA 
replication. Any model of DNA replication must, the^Lie^to 
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equivalent sequence at the otter elT^^ orienta "on of the 
what is found in vivo (Lusby et a, T 98l ° ^ m ° leCUle - Agai "> that » 
mdirect because it was original to im™ m T 6ement is s °™ewhat 
single orientation at ei th er ^ n eZ ^s^lf"^ With a 
overcome by virtue nf th 0 , e lnis difficulty has now been 

PBR322. T&XZ byl 2£ havl ? ° f ^ ° f AAV DNA ^ 
ends. TheplasmidpSM620 has the tp- V"^ * ° nentati °n a t both 
tion at both ends When XSj t *, 1 f re P. eat in *e flop orienta- 
culture the progeny AAV £™ Sed t0 lnfect huma n cells in 

ends of the ^ b ° th Mentations at bo h 

the inversion is a co^Sce oTS^ ^<"*™ting that 
< 1982). Use of pSM620 ha all 1 7 f 0 " Pr ° CeSS (Samulski et 
geneity in the terminal two ^ases of the A I V ^ ^ ° rigin ° f hetero " 
5' termini are missing the termina IT /?u° me (i " e - 50% of the 

both the terminal T afd the penuktlte T) The " ? % T ™^ 
is missing both 5' terminal T's on hntT ! W rt In this P lasmid 
strands have a majority of V J The virion P™geny 

What seems Woh a Zlll^t ^ ^ terminal ba - 

actually somewhat variable an Lnt mCk , Site after base ^ is 
base 124. The ^l^^^^^^^^or 
pnmer regardless of the terminal ^ t£ r fT" ° SerVe 33 a 
-nzed will serve to replace e.ht^or^^mg bLeT P ° ,y " 

^n^t^tl^ 

much more extensive deletions S ^ ^ Ae abUit y to re P a ir 
above in Section IV.B on ™ U « " < ^ described 
ties inherent in the naHndrn g ° me lndlcati <>n of the proper- 
gether with the ^^^1"^ teminal repeats " Thi ^- 
shaped terminal structure play a JTT ^ * dear that the T- 
In the section on genetics a Zl JVu *?,^ process, 
the palindromic part of , nt , Wlth a de,etion Abases 47-57 in 
which r^!!^^^^ 12 ° 5) WaS ^riled 
ulski et al, 1983). This was assumed to htT ""^J? n ° nviab,e (Sam " 
the original 113-base deletion Tn tht L T™" 6 mutant becau se 
of the genome had removed anv It. T?? T"' 3t the 0ther end 
new deletion. The U-bZ S yZZcTi template u for re P a " of the 
moved could have been reqXTd becl- TZ™ Which h&d been re " 
ever, another possibility TJthat Z ^ SeQUenCe per se " H ™" 
-as its contribution totte^ tenti^T 2° ° Hhe S ^ Uence 

inverted repeat may form (? fc £ £ P ^"nation that the 
rm (j. lg . 2 ). To assess the latter possibility 
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turally equivalent to the subsequent rounds, at the termini The sec- 
ond reason is the capacity of the terminal repeats to self-repair large 
deletions at one end using the terminal repeat at the other end as a 
template. A likely model for the mechanism of such repair depends on 
the formation of such panhandled single-stranded circles 

2. Strand synthesis proceeds by elongation from the primer hairpin 
No proteins, RNA primers, or Okasaki fragments have been found' 
Thus synthesis is unidirectional and asymmetric. When synthesis of a 
daughter strand is initiated in a duplex replicative intermediate it 
proceeds by a single-strand displacement mechanism, similar to that 
observed for helper adenovirus DNA replication but not for helper 
herpesvirus DNA replication. These two aspects of the model are sup- 
ported by several types of experimental results. Adeno-associated 
virus rephcative intermediates from productively infected cells have 
"J ? an b / Chased int0 mature vir i°* DNA (Straus et 

t'vlZ ?7] J"*? BemS ' 1979X The re P lic ative intermediates 
have been isolated and characterized. They are cross-linked by hairpin 

Java VI Q te IT nl l6d t0 the ° riginal suggestion that the 
! Q7fiM pT , TV appHcable t0 AAV °NA replication (Straus 
I Pul f "labeling experiments in vivo have demonstrated 
that synthesis of both plus and minus strands start at the 5' ends of 
the progeny strands and proceeds unidirectionally to the 3' ends 
(Hauswirth and Berns, 1977). 

3. In addition to simple strand elongation, the replication scheme 
JSSTSl Z^ 9 ™, preservation of termini. It is hypoth- 
Zlu f7T ntal Strand in the re P licativ e intermediate fs spe- 

SS? y iK I °u r near baSe 125 at 3 point opposite th * original 3' 
terminal base which is now incorporated into the progeny strand The 

mck resul s m the transfer of the terminal 125 bases from the 3' end of 

llZtf ?f, t0 ?° 5 ' 6nd ° f the Pr °^ strand - having a 
shortened parental strand with a gap at the 3' end that can be repaired 

by synthesis using the free 3' OH as a primer and the new 5' overhang 
of the progeny strand as a template. Note that this transfer results in 
the inversion of the terminal 125 bases. Original base 1 at the 3' end of 
the parental strand is base 125 at the 5' end of the progeny strand 
after the transfer, while the orignal base 125 on the 3' end of the 
parental strand is now the first base at the 5' end of the progeny 
strand. Because bases 1-41 and 85-125 represent part of a perfect 
lvl n t°T th ? S \ se * uences wou ld not be affected by inversion How- 
ever, the two short internal palindromes from 42 to 62 and 64 to 84 are 
asymmetric with regard to the axis of the overall palindrome from 1 to 

w f 61 , predi ° tS the two se( l u ences observed within this 

region of the terminal repeat in virion DNA (Lusby et al 1980) Fur- 
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perfect in every instance and significant numbers of defective ge- 
nomes are generated. At least some of these genomes may be encapsi- 
dated to form defective-interfering particles which can inhibit normal 
AAV DNA replication but do not seem to be able to inhibit adenovirus 
DNA replication in the absence of added wild-type AAV genomes. 
Both double-stranded and single-stranded defective genomes have 
been identified. The single-stranded defective molecules have dele- 
tions of varying lengths of internal sequences but always retain the 
inverted terminal repeats. Two types of duplex defective molecules 
have been reported. Both are covalently cross-linked at one end and 
each contains sequences from either the left or the right end of the 
molecule only. Such duplex cross-linked molecules isolated from in- 
fected cells were reported to be cross-linked at the end generated from 
normally internal sequences in the full-length genome (Hauswirth 
and Berns, 1979), whereas duplex cross-linked molecules isolated from 
defective particles were reported to be cross linked via the hairpin 
form of the palindromic portion of the inverted terminal repeat (de la 
Maza and Carter, 1978, 1980). Whether the discrepancy in the site of 
the hairpin cross link is real has not been determined. Duplex mole- 
cules with a terminal hairpin within the internal sequences of the 
genome could be the consequence of a strand switch during the replica- 
tion process. Such a switch could be to either the newly synthesized 
strand or to the displaced strand of the replicative intermediate. Evi- 
dence has been presented which would indicate that either new tem- 
plate is equally likely. Duplex molecules with a hairpin at the site of 
the terminal repeat could be visualized as the products of self-primed 
synthesis by genome fragments which contain the original 3' termini. 
Generation of single-stranded molecules with extensive deletions may 
be the consequence of a deleted template generated by heterologous 
recombination (Senapathy and Carter, 1984) or a mistake during the 
replication process itself. 

Sources of the specific proteins involved in DNA replication have 
not been directly determined. Putative replicative complexes isolated 
from HSV coinfected cells have been reported to contain the HSV DNA 
polymerase, while those isolated from adenovirus coinfected cells have 
been reported to contain the cellular polymerase (Handa and Shimojo, 
1977; Handa and Carter, 1979). In light of the recent discovery of an 
adenovirus-coded DNA polymerase that is used to replicate adenovirus 
DNA (Enomoto et aL, 1981; Lichy et al, 1982), the above results may 
be contradictory. To date early region 2b which codes for adenovirus 
DNA polymerase has not been identified as a helper function required 
for AAV DNA replication. Comparably critical experiments have not 
yet been done with HSV. An additional question with regard to the 
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pSM1205 was modified by insertion of either a BamHl linker (12-base 
symmetrical sequence) or zBglll linker (8-base symmetrical sequence) 
into the site of the deletion (Fig. 5). Either would result in the approxi- 
mate restoration of the T-shaped conformation by permitting suffi- 
cient base pairing to reform the crossarm of the T disrupted by the 
original deletion. Both of these mutants permitted rescue of the ge- 
nome from the plasmid, replication of the DNA, and production of 
infectious virions. When the progeny vifion DNA -was analyzed the 
altered sequences were present at both ends of the DNA and had 
undergone the inversion described above. Therefore, it would appear 
that the potential T-shaped conformation takes actual precedence over 
the specific sequence in this part of the terminal repeat in the case of 
DNA replication (Lefebvre et aL, 1984). 

With this evident biological plasticity in DNA replication it is possi- 
ble to test the potential relative efficiency of the wild-type versus 
mutant terminal sequences and to study to an even greater extent 
mutual interactions between the inverted terminal repeats. To investi- 
gate these questions a clone that was a chimera was constructed: the 
left terminal repeat had the wild-type sequence and the right terminal 
repeat the Bglll mutant sequence (R. A. Bohenzky, R. B. Lefevre, and 
K. I. Berns, unpublished observations). The clone was biologically ac- 
tive and the progeny virion DNA was analyzed with respect to the 
following questions. (1) Was there transfer of a given sequence from 
one end to the other under conditions where both sequences were via- 
ble for replication? (2) Was there any preference for either sequence in 
the progeny? In repeated experiments all of the progeny virion ge- 
nomes had the wild-type sequence at both ends. Thus, the wild-type 
sequence had a definite advantage in vivo, presumably at the level of 
the efficiency with which it was able to function in the replication 
process. The results represent essentially a form of gene conversion 
which could have occurred either as a consequence of recombination 
between the inverted terminal repeats or as a result of a DNA repair 
process via the panhandled single-stranded circular intermediates hy- 
pothesized to occur during AAV DNA replication (see Fig. 3). When 
the chimera was constructed in such a way as to reverse the orienta- 
tion of the wild-type and mutant termini, however, no preference for 
either sequence was seen. This may indicate a polarity in the gene 
conversion event inherent either in the replication process or in the 
rescue/repair process. The latter possibility is preferred since experi- 
ments directly measuring the difference in replication efficiencies be- 
tween wild-type and mutant termini show both sequences are similar- 
ly efficient. 

As is the case with other viruses, AAV DNA replication is far from 
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SV40 to the system, which relieves the block for both adenovirus and 
AAV in a coinfection, or using an adenovirus host range mutant which 
can replicate in monkey cells. Such mutations occur in early region 2a. 
As noted above, reports on the ability of temperature-sensitive E2a 
mutants to help AAV infection are somewhat in conflict, but at least 
one laboratory has reported results that are in parallel with those seen 
in monkey cells (Jay et aL, 1981). These also seem to function to 
change host cell specificity for mRNA translation by affecting the 
phosphorylation of the initiation factor 2. Also, as described above in 
Section IV,A on helper virus functions, the adenovirus VA RNAs are 
necessary for optimal AAV coat protein synthesis (Janik et aL, 1981). 

The manner in which AAV uses essentially one sequence to code for 
three coat proteins is also of interest. It would now appear that VP1 is 
translated from an alternatively spliced transcript also of 2.3 kb. Al- 
though this transcript has not been directly isolated or demonstrated 
there are now several lines of evidence to support the notion. (1) There 
is not a sufficiently large ORF in the previously described 2.3-kb p40 
transcript to code for a protein the size of VP1 (Srivastava et aL, 1983). 
(2) All coat proteins are translated from mRNA(s) of 2.3 kb (Jay et aL, 
1981) (3) Even if the data cited in (2) cannot absolutely rule out a 
slight amount of unspliced 2.6-kb mRNA contamination, the unspliced 
species does not contain an appropriate ORF. (4) Alternative splice 
donor and acceptor sequences exist which could generate a 2.3-kb 
mRNA with an appropriate ORF (Srivastava et aL, 1983; Hermonat et 
aL, 1984). (5) Genetic data indicate the existence of the alternately 
spliced species (C. Murphy, M. A. Labow, P. L. Hermonat, and K. I. 
Berns, unpublished observations). (6) Evidence has been presented 
that the VP1 protein originates from a site that would correspond to 
the AUG in the ORF in the alternately spliced sequence (J. A. Rose, 
personal communication). 

VP2 appears to be generated by a more novel mechanism. The first 
AUG in the ORF of the normally spliced 2.3-kb mRNA is 635 bases in 
from the 5' end of the RNA. Its use would produce a protein of the size 
to correspond to VP3. It now has been reported that VP2 initiates at 
the codon ACG 195 bases upstream from the AUG used for VP3 (Be- 
cerra et aL, 1985). The use of ACG as an initiator codon has been 
reported before as a rare occurence. The AUG reported in the AAV 
sequence is in the optimal sequence environment to be able to function 
as an initator according to the rules established by Kozak (1980). 

The extent of posttranslational modification of the coat proteins is 
uncertain. Several investigators have reported that the N-termini are 
blocked, apparently by acetylation. Additionally, multiple species of 
VP1 and VP3 can be separated by SDS-polyacrylamide gel elec- 
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DNA polymerase involves whether a second polymerase might be in- 
volved in the "repair" synthesis of the termini. Other proteins which 
may well be directly involved in the replication of AAV DNA include 
the putative nickase that transfers the hairpin from parental to pro- 
geny strand and a protein which would separate the duplex ends of the 
replication intermediate to allow hairpin prime reformation. Whether 
either or both of these may be coded for by the AAV rep genes is still 
an open question. Additional uncertainties include the role of the 25- 
kDa polypeptide coded for by adenovirus early region 4, which seems 
to be required for AAV DNA replication, and whether there may be 
any role for topisomerase in the process. In summary, the enzymology 
of AAV DNA replication remains very much a black box. 

F. Protein Synthesis 

With the identification of two polypeptides coded for by the rep 
genes on the left side of the AAV genome it has been possible to 
discern an apparent temporal order in the synthesis of the AAV pro- 
teins. In cell culture the 44-kDa polypeptide corresponding to the pl9 
transcript can first be detected 6 hours postinfection at an moi of 20 
TCID 50 /cell (M. A. Labow, K. Jones, B. Dunn, and K. I. Berns, un- 
published observations). The 68-kDa polypeptide coresponding to the 
p5 transcript is not seen until 13 hours postinfection when the 44-kDa 
protein is still present. By 20 hours the 44-kDa protein is no longer 
present but the 68-kDa protein remains. By this time the coat proteins 
also have appeared. A simple but very tentative model based on the 
transcriptional regulation data and the genetic data would suggest 
that the 44-kDa protein allows expression of the 68-kDa protein, 
which in turn is involved in DNA replication more directly and poten- 
tially in the positive and/or negative regulation described in Section 
IV,C on transcription. Determination of specific functions of the rep 
gene proteins awaits development of suitable expression vectors so 
that sufficient amounts of the proteins can be isolated for biochemical 
studies. 

Synthesis of the rep gene proteins seems to differ from that of the 
capsid gene proteins. The basis for this conclusion rests primarily on 
experiments using adenovirus early region 2a mutants as helper and 
on experiments in monkey cells with a human adenovirus helper 
(McPherson et aL, 1982). Monkey cells are not normally permissive for 
human adenovirus. The defect appears to be at the level of translation 
of at least some of the structural proteins. Likewise, under the condi- 
tions described above AAV DNA synthesis occurs, but infectious vi- 
ruses are not produced. The defect can be overcome by either adding 
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over 90 passages. Approximately 30% of these clones were positive for 
AAV rescue and they have been used to ask a variety of questions 
regarding the latent state of AAV. All clones made at passage 39 
postinfection with AAV2 have remained positive for rescue over 150 
passages (Hoggan et al, 1972; Berns et al, 1975; M. D. Hoggan, person- 
al communication). 

A. DNA Structure of the Latent State 

The presence of AAV DNA in the clones was detected and quanti- 
tated by liquid hybridization analysis (Berns et aL, 1975). The level of 
AAV DNA present in these clones corresponded to 3-5 genome copies 
per diploid amount of cell DNA. KB cells latently infected with AAV1 
were similarly quantitated and found to contain 4-6 copies per diploid 
amount of cell DNA (Handa et al, 1977). 

When total KB cell DNA was denatured and reannealed in a way 
that would allow formation of high-molecular-weight networks be- 
tween highly repetitive elements within the genome (Varmus et al, 
1973), greater than 90% of the AAV DNA remained associated with 
the network, suggesting a covalent linkage between the AAV and 
cellular DNA (Handa et al, 1977). Southern blot analysis of Detroit-6 
cellular DNA from AAV2-infected cells also showed covalent linkage 
between viral DNA and cellular sequences of high molecular weight 
(Cheung et aL, .1980). Analysis of late passage (greater than 100) cells 
showed that low-molecular-weight AAV DNA was also present and 
was indistinguishable from duplex viral DNA. The origin of this low- 
molecular-weight form is unclear, as it was not present in early pas- 
sage (8-9) cells. 

Southern blot analysis of the Detroit-6 clones using restriction endo- 
nucleases answered some detailed questions about the integrated 
state. Digestion with enzymes that do not cleave AAV DNA {Bglll, 
Pvul, Hpal) lowered the molecular weight of the provirus while still 
maintaining it as a single band, consistent with covalent linkage be- 
tween the AAV DNA and cellular DNA at a single site of integration. 
Digestion of cellular DNA with enzymes that cleave AAV DNA once 
(BamHl, Hindlll) produced monomer-length bands suggestive of a 
tandem repeat arrangement of the multiple copies of viral DNA. These 
bands can be visualized using probes specific for either the right or the 
left sides of the viral genome. Digestion with enzymes that cut AAV 
DNA at multiple sites (Hindi, Pstl) mapped the point of linkage be- 
tween the viral and cellular DNA to the termini of viral DNA. Analy- 
sis of several clones revealed that the linkage is always through the 
termini, although the location in cellular DNA may be different 
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trophoresis (McPherson and Rose, 1983). The assumption is that the 
multiple species represent a heterogeneity in some sort of posttransla- 
tional modification, although there has been no evidence for either 
glycosylation or phosphorylation. 



V. Latent Infection ■ ~ " 

When hamsters are inoculated intranasally with AAV, they do not 
develop antibody to AAV until after they are superinfected with ade- 
novirus (R. W. Atchison, personal communication). This seroconver- 
sion takes place even if the superinfection is delayed several months. 
The defective nature of AAV poses an interesting evolutionary ques- 
tion. How does a virus that is completely dependent on coinfection 
with a helper virus maintain its biological continuity in the absence of 
that helper virus? 

The initial answer to that question came from a program conducted 
by the National Institutes of Health to screen cell culture lots to be 
used for vaccine production for the presence of persistent viral infec- 
tion. Whereas none of the cell lots were positive for AAV structural 
antigens initially, infection of the cells with adenovirus led to infec- 
tious AAV production in approximately 20% of African green monkey 
kidney cell lots and 1-2% of human embryonic kidney cell lots (Hog- 
gan, 1970; Hoggan et aL, 1972). These data suggested that AAV could 
exist in some latent state in cells that were not coinfected with helper 
virus and that superinfection with adenovirus could rescue AAV from 
that latent state. 

The relative ease with which one could convert a mammalian tissue 
culture cell, normally nonpermissive for AAV growth, to a cell capable 
of growing AAV, simply by addition of a helper virus, suggested a 
unique tissue culture model that could be used to study the intra- 
cellular mechanisms of latent viral infection. Such a model was set up 
using the human cell line Detroit-6 established by Berman et al. 
(1955). Detroit-6 cells were infected with purified stocks of AAV1H 
AAV2H, or AAV3H (Hoggan et aL, 1972). When infected at high mul- 
tiplicities, the cells remained positive for AAV structural antigens for 
approximately five passages. After that, AAV antigens could only be 
seen if the cells were challenged with adenovirus. Addition of 5- 
iodo-2'-deoxyuridine (IUdR) did not activate the AAV by itself but, 
when added with adenovirus, it increased the number of cells that 
rescued AAV. Similar effects were seen with IUdR and 5-bromo-2'- 
deoxyuridine (BUdR) on KB cells latently infected with AAV1 (Handa 
et aL, 1977). The former cultures remained positive for AAV rescue 
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partial rounds of DNA synthesis. Uninfected cell extracts are capable 
of synthesizing AAV RF from viral strands in vitro, suggesting such 
synthesis is possible in vivo (W. W. Hauswirth and K. I. Berns, un- 
published observations). When HeLa cells are infected with AAV that 
has been radiolabeled with 32 P and density-labeled with BUdR, one 
can detect intermediate density material on cesium chloride gradients 
from DNA extracts of these cells (R. A. Bohenzky and K. I. Berns, 
unpublished observations). Such intermediate density material is 
preferentially hairpinned as assayed by denaturation followed by 
Sl-nuclease digestion. Sucrose gradient analysis indicates that the 
material is low molecular weight, cosedimenting with AAV monomer 
duplex DNA. These data suggest that AAV DNA undergoes some me- 
tabolism in the absence of helper virus. Unfortunately, this metabo- 
lism takes place at far too low a level to analyze the structure with 
certainty. It is also not known whether this represents an intermediate 
in the integration process or whether this metabolism creates a "dead- 
end" structure having nothing to do with the latent state. 

The cloning of AAV into bacterial plasmids (Samulski et al., 1982; 
Laughlin et al., 1983) has allowed a variety of physical manipulations 
aimed at understanding the genetics of AAV-related events. It has 
been possible to create an AAV genome with a dominant selectable 
marker and make virus stocks from this construct (Hermonat and 
Muzyczka, 1984; Tratschin et al., 1985). These virus stocks can be used 
to infect cells in the absence of helper virus, and cells in which AAV 
DNA has been stably integrated can be selected for on the basis of the 
marker. The frequency of transduction varies directly with the incuba- 
tion time prior to selection. Waiting for 1 week before selection can 
increase the transduction frequency to 10%. The frequency of trans- 
duction was also dependent on the cell line used, with Detroit-6 cells 
being the best. 

Southern blot analysis of the cellular DNA shows that, in many 
respects, the integrated provirus of these transducing vectors resem- 
bles that of wild-type AAV (Tratschin et al., 1985; P. Hermonat, P. 
Collis, and N. Muzyczka, personal communication). In both cases inte- 
gration takes place at different locations within the cellular genome. 
Also tandem repeats are seen in both cases, although in the case of the 
transducing vector, single copy co-integrates are also seen. With this 
system, increased time of incubation prior to selection increases the 
proportions of cell clones with tandem repeats (P. Collis and N. 
Muzyczka, personal communication). Finally, in both cases, deletions 
are seen in some of the copies of integrated DNA. 

The similarities between wild-type integration and vector integra- 
tion suggest that this system may be a valid way of studying the 
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(Berns et ai, 1982). These digests with multiple-hit enzymes also 
showed the existence of unique fragments that correspond to deletions 
of or insertions into viral DNA in some of the -integrated copies 
(Cheung et al., 1980). Passage of the cells in culture did not change the 
restriction pattern of integrated viral DNA for any of the internal 
sites, but digestion with an enzyme that is specific for the termini 
(Smal) gave a different pattern between early and late passage cells. 

In summary, it appears that AAV DNA integrates into cellular DNA 
as a tandem repeat of several copies joined to cellular DNA through 
the termini. At least some of these copies may contain internal rear- 
rangements but, with the possible exception of the termini, no active 
rearranging is seen after integration. 

Nothing is yet known about the fine structure arrangements at the 
junction between viral and cellular DNA. It is not known whether the 
cellular DNA contains homology with AAV in the flanking region or if 
the flanking region is duplicated upon integration. The termini of 
AAV exist in different sequence orientations and it is not known if all 
these orientations are present in the integrated state. The answer to 
these questions awaits the cloning of the integrated provirus into a 
bacterial vector and subsequent sequencing across the viral-cellular 
junctions. 

B. Mechanism of Integration 

It is generally held that an understanding of the integration mecha- 
nism of AAV is linked to an understanding of the mechanisms of 
illegitimate recombination. Several kinds of experiments have been 
done to elucidate this mechanism. They include (1) the fate of AAV 
after infection of nonhelper virus-infected cells, (2) the use of selecta- 
ble markers spliced into the AAV genome, (3) mutation of the AAV 
genome in these selectable marker systems, and (4) assays of recom- 
bination between AAV and other defined DNAs. 

When cells are infected with AAV in the absence of helper virus, 
AAV particles can still adsorb and penetrate the cell membrane (Rose 
and Koczot, 1972; K. I. Berns and S. Adler, unpublished observations). 
They are transported to the nucleus and uncoated there. Adeno-associ- 
ated virus DNA in the form of monomer duplex can be detected by 
Southern blot analysis for over 1 week postinfection (Z. Grossman, E. 
Winocour, and K. I. Berns, unpublished observations). Quantitative 
hybridization analysis using either filter hybridization (Rose and 
Koczot, 1972) or Southern blots (Laughlin et ai t 1982) shows no net 
AAV DNA synthesis in the absence of helper virus. 

These techniques however, may not be sensitive enough to detect 
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differences (Grossman et al., 1985 In DNA cotransfection experi- 
ments, recombination may take place between any point in the SV40 
genome and any point in the AAV gesome. Most of the recombinants 
from virion coinfections, however, contained copies of AAV termini 
integrated near the SV40 origin of reolication. A deletion of SV40 
sequences occurred at the point of integration. Multiple copies of the 
AAV termini and SV40 ori were present in a tandemly repeated ar- 
rangement. Sequence analysis of the junctions showed no obvious ho- 
mology between AAV and SV40 at the junction other than the 
patchy" homology seen in other types of SV40 recombinants (Gutai 
and Nathans, 1978a,b). This type of structure was not seen in virion 
coinfection experiments between SV40 and polyoma (py) (Z. Grossman 
and E. Winocour, personal communication i. 

The type of recombinant structure seen with AAV-SV40 virion coin- 
fection can also be seen in DNA connection experiments between 
bV40 and bacteriophage 4>X174 when linearized SV40 DNA is added 
as a third DNA in the transfection mixture (Dorsett et al 1985- De 
chaite et al, 1985). The reason for such similarity between these' two 
very different experiments is unclear. 

It should be noted that these recombinants were isolated as virion 
plaques in high-density platings of 5V40. This procedure places two 
constraints on the recombinants isolated: (1) they must contain an 
bV40 origin of replication, and <2i they must be of a size that can be 
packaged into SV40 virions. The first constraint means that any re- 
combinant that inactivates the SV-iv origin would not be scored or 
isolated. The second constraint means that recombinants with full- 
length copies of AAV and SV40 woulc not be scored or isolated The 
recombinants isolated, therefore, maj represent either a subset of re- 
combination events that produced paekaseable recombinants or a sub- 
set of recombinants that had underaoce secondary recombination in 
order to reduce them to a packageaile size. It may not be possible 
therefore, to deduce an integration -echanism from the structures 
thus far analyzed. Recombinant strucrires need to be isolated directly 
from the cell either by cloning low-molecular-weight DNA into bacte- 
rial vectors or by developing a sysre= m which AAV integration into 
episomal shuttle vectors can be scored 

In summary, the mechanism by ^ch AAV DNA integrates into 
chromosomal DNA remains unknot The fact that AAV can inte- 
grate into different sites in the chrcexsome and the fact that no major 
homology is seen in AAV-SV40 recombinants suggest that the inte- 
gration event involves nonhomolog<7ii recombination. The fact that 
there are different types of recombLaz: structures in virion coinfec- 



272 



KENNETH I. BERNS AND ROY A. BOHENZKY 



genetics of AAV integration. Vectors have been made that substitute 
the neomycin resistance gene for either the rep or the cap region of the 
AAV genome (P. Hermonat, P. Collis, and N. Muzyczka, personal com- 
munication). Both the frequency of transduction and the structure of 
the provirus resemble bona fide AAV integration with either of the 
mutants. This suggests that no AAV-encoded protein is required for 
the integration event. 

Detailed understanding of the mechanisms of integration require 
not only analysis of the integrating DNA but also analysis of the 
recipient DNA. As a result of this reasoning, attempts have been made 
to develop an assay system for recombination between AAV and some 
other defined DNA. 

One such system has been reported which is based on the in situ 
plaque hybridization assay of nonhomologous recombination that is 
seen in monkey cells transfected with Simian virus 40 (SV40) and 
some nonreplicating DNA (Winocour and Keshet, 1980; Dorsett et al. t 
1983). In this system, SV40 DNA (recipient) and a nonreplicating 
DNA (donor) are cotransfected into cells permissive for SV40 replica- 
tion. The tansfected cells are then replated in an excess of un- 
transfected cells and the plates are allowed to incubate until viral 
plaques are formed. The plaques are then transferred to nitrocellulose 
filters and hybridized with radiolabeled probe for either SV40 DNA or 
the nonreplicating DNA. The ratio of plaques containing donor DNA 
to those containing SV40 DNA is thus determined and represents a 
nonhomologous recombination frequency between donor and recipient 
DNAs. The recombinant plaques can be isolated and amplified, and 
their DNA used to analyze the recombinant structures. 

When AAV DNA as the donor was cotransfected with SV40 DNA, 
nonhomologous recombination was seen at frequencies similar to 
those seen when other nonreplicating DNAs are cotransfected with 
SV40 DNA (Grossman et aL, 1984). The kinetics of this recombination 
event suggest that it takes place prior to the onset of SV40 DNA 
replication. 

When AAV and SV40 were introduced into the cells as virions in a 
coinfection, the frequency and kinetics of the recombination events 
remained unchanged. A striking difference was seen however, when 
the structures of the recombinants were analyzed. Relative to their 
size, the termini of AAV were overrepresented in recombinants iso- 
lated from virion coinfection. In fact, greater than 90% of the recombi- 
nants contained terminal sequences. This was not seen with recombi- 
nants isolated from DNA cotransfections. 

Detailed analysis of the recombinant structures revealed further 
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creased the percentage of rescuable clones. It is interesting to note 
that, although there have been tandemly repeated integrates that are 
nonrescuable, to date no rescuable cell clone has been found that is 
not, at least partially, tandemly repeated. Why a tandem repeat struc- 
ture is required for rescue is not clear. It may be that several gene 
copies are required to overcome the effects of terminal or internal 
deletions in the integrated structure. 

The cell clones which are rescuable have been used in experiments 
aimed at determining the mechanism of rescue. When latently in- 
fected KB cells were superinfected with adenovirus type 31 (Ad-31), 
infectious AAV1 could be detected as early as 18 hours post superin- 
fection (Handa et al, 1977). This contrasts with AAVl/Ad-31 coinfec- 
tion, in which infectious AAV1 can be detected as early as 14 hours 
postinfection. Adeno-associated virus capsid antigen can be detected 
10 hours post superinfection, and estimates of the fraction of cells 
making AAV antigen vary from 50 to 90% (Hoggan et al, 1972; Handa 
et al, 1977). 

The addition of halogenated nucleotides enhanced the induction of 
AAV from either KB cells or Detroit-6 cells (Hoggan et al, 1972; 
Handa et al, 1977). The fraction of cells making AAV antigen in- 
creased with increasing concentration of BUdR or IUdR, but the 16- 
hour lag time remained unaffected. This enhancement was indepen- 
dent of irradiation by either visible or ultraviolet light. No induction 
of AAV as measured by antigen production was seen with the addition 
of halogenated nucleotides alone. Adenovirus was always required. 
However, partial rescue events, such as DNA replication, have not 
been assayed. 

The dependence on adenovirus for rescue suggests the possibility of 
finding specific adenovirus gene products that are required for the 
rescue process. Many adenovirus mutants have been screened and sev- 
eral are defective for AAV DNA replication in coinfection experiments 
(Ostrove and Berns, 1980; Myers et al, 1980; Myers and Carter, 1981; 
Janik et al, 1981; Richardson and Westphal, 1981; Laughlin et al., 
1982; Carter et al., 1983). Only one mutant has been found thus far 
that allows AAV DNA replication in coinfections but does not rescue 
AAV from latently infected Detroit-6 cells (Ostrove and Berns, 1980). 
This mutant, hr 6, is a mutant in early region lb (Elb) of Adenovirus 
type 5 (Ad-5) (Graham et al., 1978). This is one of the transforming 
genes of adenovirus, but its function in AAV rescue remains unclear. 

The rescuability of AAV from clones in bacterial plasmids (Sam- 
ulski et al. } 1982; Laughlin et al., 1983) suggests a system analogous to 
rescue from chromosomal DNA. Indeed, infectious AAV was only pro- 
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tion and DNA cotransfection experiments suggests more than one re- 
combination pathway exists. It is the pathway used in virion coinfec- 
tions that is more likely to be biologically relevant to AAV. 

No AAV gene products appear required in the integration process, 
but it is possible that cis-active sequences in the genome are necessary. 
Both the genetic analysis of integration as well as the structures of 
AAV-cell and AAV-SV40 recombinants suggest that those cis-active 
sequences are in the AAV termini. 

C. Rescue 

Definition of a latent infection depends upon subsequent rescue of 
the organism from the latent state. Indeed in the case of AAV, latent 
infection was discovered by rescuing AAV following superinfection of 
cells by adenovirus (Hoggan et al, 1972; Handa et al y 1977). When 
single-cell clones are made from cell cultures infected with AAV in the 
absence of helper virus, approximately 30% of the clones are latently 
infected as determined by rescue (M. D. Hoggan, personal communica- 
tion). Since rescue requires all aspects of AAV replication and since it 
has been noticed that some integration events result in AAV DNA 
rearrangement (Cheung et al, 1980; P. Hermonat, P. Collis, and N. 
Muzyczka, personal communication), the question arises: do rescuable 
cell clones represent a subset of integration events? Conversely, is there 
nonrescuable integration? These questions have been approached in 
two ways. 

First, cellular DNA from some of the cell clones that was negative 
for rescue was blotted and hybridized to AAV probe. Several of the 
clones contain AAV sequences (B. A. Beeler, T. Stukenberg, R. A. 
Bohenzky, and K. I. Berns, unpublished observations). At least one of 
these clones was rescuable at the DNA level when challenged with 
adenovirus. Unfortunately, these cells were cloned several passages 
postinfection so that it is not known how many discrete integration 
events are represented in these clones. This work needs to be repeated 
with cells cloned immediately after infection. 

Second, cell clones isolated from infection with an AAV-neomycin 
vector can be tested for rescue at the DNA level (Hermonat and 
Muzyczka, 1984; Tratschin et aL, 1985). The majority of these clones 
were nonrescuable when challenged with adenovirus. An interesting 
correlation was noted when these clones were analyzed by Southern 
blot. Rescuability correlated well with the presence of tandem repeats 
as mentioned above. Increased incubation time prior to selection in 
this system increased the occurrence of tandem repeats. This also in- 
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how inhibitory to adenovirus replication. Indeed, it is the process of 
adenovirus DNA replication that is inhibited by AAV (Carter et al., 
1979; Lauglin et al, 1979), suggesting a competition for factors in- 
volved in DNA synthesis. Although the adenovirus gene products nec- 
essary for adenovirus DNA replication (Ikeda et al., 1981) are different 
from the adenovirus gene products necessary for AAV DNA replica- 
tion (Richardson and Wesphal, 1981; R. J. Samulski and T. Shenk, 
personal communication), it is possible that some competition exists 
for cellular factors involved in DNA replication. In this scenario, AAV 
would be behaving as a DI particle of adenovirus. 

Although Herpes simplex virus can serve as a helper virus for AAV 
(Buller et al., 1981), there has been no report of AAV inhibiting Herpes 
simplex virus replication. In fact, it has been shown that AAV alone 
does not inhibit Herpes simplex replication in monkey cells (Parks et 
al., 1968) but can inhibit Herpes simplex if a third virus, the simian 
adenovirus SV15, is added. The SV15 alone also does not inhibit 
Herpes simplex. The mechanism by which this inhibition takes place is 
unknown. The fact that AAV alone does not inhibit Herpes simplex 
replication is not inconsistent with the idea that adenovirus and AAV 
compete for cellular factors. Herpesviruses encode more of their own 
functions required for DNA replication and rely much less on the host 
cell than adenoviruses. There may be no such competition between 
Herpes simplex virus and AAV in lytic infection. 

It is interesting to note that AAV can inhibit the replication of one 
virus that is not a helper virus. Coinfection of AAV and SV40 into 
monkey cells results in inhibition of SV40 plaque formation (Casto et 
al., 1967b). The fact that SV40 does not help AAV DNA replication (R. 
J. Samulski and N. Muzyczka, personal communication) suggests that 
this inhibition may take place at the level of SV40 gene expression. 
Recent experiments are consistent with this idea. A gene transfer 
system has been developed using a murine melanoma cell line as a 
recipient (Graf et al., 1984). Using the P GCcos3neo vector (G. Crouse, 
NCI Frederick Cancer Research Facility, Frederick, Maryland) which 
contains a fragment of the pSV2neo vector constructed by Southern 
and Berg (1982), one can stably transform cells, at a frequency of 
approximately 10- 2 -10- 3 , to a phenotype in which they are resistant 
to the antibiotic geneticin. When plasmids containing AAV are added 
with pGCcos3neo in these transfection experiments, a decrease in the 
number of resistant colonies is seen. This inhibition of transformation 
is at the level of 95% or greater (M. A. Labow, L. H. Graf, and K. I. 
Berns, unpublished observations). Similar results have been seen in 
HeLa 'cells, an immortalized human cell line (B. J. Carter, personal 
communication), and murine Ltk~ cells (M. A. Labow, L. H. Graf, and 
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duced from the clone when cells were coinfected with adenovirus. In- 
fection with hr 6 did not rescue AAV DNA from the clone either (R. J. 
Samulski and N. Muzyczka, personal communication). 

Herpes simplex virus can also rescue AAV from both latently in- 
fected KB cells (C. A. Laughlin et al, 1986) and cloned plasmid E>NA 
(M. A. Rayfield and K. I. Berns, unpublished observations). It appears, 
however, to be more efficient at rescue^of AA VJ3NA4han at rescue of 
infectious virus. No genetic analysis of herpes mutants on AAV rescue 
has been reported. 

The possible role of AAV gene products in rescue is a complicated 
one. The requirement for AAV DNA replication in the assay of the 
rescue process has made it impossible to separate the rescue process 
from replication, if indeed the two processes are separable. Recently, 
assays have been developed that detect a rescue event independent of 
replication. When AAV-containing plasmids were transfected into 
HeLa or KB cells in the absence of adenovirus, the presence of mono- 
mer duplex AAV DNA was detected at low levels (H. J. Gottlieb and N. 
Muzyczka, personal communication; R. J. Samulski and T. Shenk, per- 
sonal communication). This species was also seen when a rep mutant 
of AAV was used. Furthermore, digestion of the product DNA with the 
endonuclease Dpnl, an adenine methylation-requiring nuclease, indi- 
cated that the species was not a product of replication (R. J. Samulski 
and T. Shenk, personal communication). This result was consistent 
with the above mentioned data from latently infected Detroit-6 cells in 
which monomer duplex DNA was seen at low levels in these cells at 
high passage numbers (Cheung et al, 1980). Whether this monomer 
duplex DNA is a true intermediate in the rescue process or a structure 
not related to rescue is a question that remains to be answered. ' 

An in vitro system has been developed that produces monomer du- 
plex AAV DNA from cloned plasmids. Cell-free extracts of uninfected 
HeLa cells had this activity, but more activity was found in extracts 
from adenovirus-infected cells (H. J. Gottlieb and N. Muzyczka, per- 
sonal communication). 

The ability to rescue AAV DNA from uninfected cells and unin- 
fected cell extracts raises the question of the contribution of cell phys- 
iology and cell type to the rescue process. Variation in rescue efficien- 
cy with adenovirus among cell types has been noticed in our laboratory 
(R. J. Samulski, P. L. Hermonat, M. A. Labow, R. B. Lefebvre, R. A. 
Bohenzky, N. Muzyczka, and K. I. Berns, unpublished observations). 
KB cells seem to rescue best and Detroit-6 cells seem to rescue worst. 
This would indicate that care should be taken when comparing experi- 
ments performed in different cell lines. 
In summary, the biology of AAV has allowed it to be used as a 
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uniquely simple model for latent viral infections in animal systems. 
The 10-30% frequency with which latent infection can be established 
and the 50-90% frequency with which latent infection can be rescued 
compares favorably with other model systems, including bacterio- 
phage X. While we have learned much about the general nature of 
AAV latency, many of the mechanistic details have yet to be eluci- 
dated. 



VI Inhibition of Other Viruses 

The effect of helper viruses on the growth of AAV is well estab- 
lished. Due to the defective nature of AAV, it is completely dependent 
on helper virus functions for its own growth. It is also interesting, 
however, to consider the possible effects of AAV on the helper virus. It 
has long been established that, in a plant virus system, tobacco necro- 
sis virus helps a defective virus, tobacco necrosis satellite virus. Con- 
versely, the satellite virus inhibits the replication of tobacco necrosis 
virus (Kassanis, 1962). A similar phenomenon is observed with AAV. 
Adenovirus helps the growth of AAV but, conversely, AAV inhibits 
the growth of adenovirus. 

It is also interesting to note that this observation can be extended 
beyond the lytic cycle of adenovirus replication. Both adenoviruses 
and herpesviruses are able to transform cells in tissue culture (Free- 
man et aL, 1967a; Williams, 1973; Duff and Rapp, 1971a,b). Addi- 
tionally, adenoviruses are oncogenic in certain animal models (Trentin 
et aL, 1962; Huebner et aL, 1965) and Herpes simplex viruses have 
been associated with human neoplastic disease of the female genital 
tract (Naib et aL, 1969; Rawls et aL, 1969; Aurelian et aL, 1970; 
Schwartz and Naftolin, 1981). Adeno-associated virus inhibits the on- 
cogenicity of these viruses both in tissue culture and in animal model 
systems. 

A. Inhibition of Lytic Infection 

The ability of AAV to inhibit adenovirus production has been mea- 
sured in a variety of systems (Hoggan et aL } 1966; Casto et aL, 1967a,b; 
Blacklow et aL, 1967; Parks et aL, 1968; Carter et aL, 1979). This 
inhibition phenomenon mimics helper function with regard to species 
specificity. Whereas human AAV will replicate in cells of other species 
if the adenovirus helper is of that same species, human AAV will 
inhibit adenovirus replication across the same species boundaries. In 
other words, human AAV inhibits human adenovirus in human cells 
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K. I. Berns, unpublished observations). Cotransfection with mutant 
AAV plasmlds mapped the region responsible for inhibition to the rep . 
region of the AAV genome (M. A. Labow, L. H. Graf, and K. I. Berns, 
unpublished observations). Since the geneticin resistance gene being 
scored for is under the control of the SV40 early promoter/enhancer in 
the P GCcos3neo vector, the possibility exists that an AAV rep gene(s) 
can inhibit expression of genes controlled by the SV40 early promoter. 
Experiments are currently underway to test this hypothesis. 

These data on the inhibition of other viruses by AAV in tissue 
culture suggest a possible role for AAV during viral infections in vivo. 
Is it possible that AAV protects a host from infection by either ade- 
noviruses or papovaviruses? This question has been addressed directly 
in a murine model system. When pregnant mice are infected with 
AAV1 and murine adenovirus (MAV), the AAV is transmitted to the 
progeny transplacental^ but the MAV is not (Lipps and Mayor, 1980). 
Normally MAV produces a lethal infection when inoculated into new- 
born mice (Hartley and Rowe, 1960), but when newborn mice that had 
acquired AAV transplacental^ were challenged with MAV, a decrease 
in MAV lethality by three orders of magnitude was observed (Lipps 
and Mayor, 1982). This was not seen when pregnant mothers were 
infected with adenovirus alone. Furthermore, the newborn mice were 
nursed by foster mothers that had not been infected with MAV, ruling 
out passive transfer of secretory antibody as an explanation of this 
result. 

These results suggest an interesting role for AAV in the infectious 
process. Adeno-associated virus has not been associated with any dis- 
ease itself. It may be that the ecologic role of AAV is to depress the 
pathogenicity of other lytic viral infections. Additionally, AAV may 
play a role in inhibiting the oncogenicity of other viral infections. 
These data are discussed below. 



B. Inhibition of Oncogenicity 

The existence of adenovirus helper functions for AAV and the abil- 
ity of AAV to inhibit the lytic cycle of adenovirus growth suggest the 
possibility that AAV may also inhibit the oncogenicity of adenovirus. 
Although no human tumors have been associated with adenovirus, 
infection of neonatal Syrian hamsters (Mesocricetus auratus) with cer- 
tain serotypes of adenovirus resulted in the appearance of undifferen- 
tiated sarcomas occuring approximately 35-80 days postinoculation 
(Trentin et al., 1962; Huebner et al., 1965). The degree to which ade- 
noviruses are, oncogenic, as measured by the fraction of hamsters de- 
veloping tumors as well as the mean latent period before tumor devel- 
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opment, varies with the serotype of adenovirus used Adenovirus type 
2 is highly oncogenic, whereas adenovirus type 5 does not cause tu- 
mo Nevertheless, all serotypes of adenovirus can transform rodent 
in vitro regardless of their oncogenic potential in vivo (Freeman et 
al 1967a-c; van der Eb et al., 1979). 

ThP discovery of AAV particles in adenovirus preparations (Archetti 
and BoccTarenT 1963; Atehison et al., 1965; Melnick et al 1965; Hog- 
£ 2Tl966) led to a series of experiments aimed at dete~g 
?he effect of AAV on the oncogenicity of adenovirus type 12. When 
• AAV1 was injected into newborn hamsters along with adenovirus-12, 
a reduction from 60 to 20% in the fraction of animals developing tu- 
m™ e en (Kirschstein etal, 1968). Additionally the .mean laten 
period before tumor development increased from 45 to 64 days .These 
experiments were repeated using another oncogenic strain of ade- 
novirus type 31 (Mayor et al, 1973). In this case no inhibition of 
Togenicfty was seen when the viruses were coinfected into newborn 
^^3, but inoculation with AAV1 24 hours prior ^ 
with adenovirus-31 resulted in a decrease m tumor development. This 
decrease was not seen when SV40 was used as the oncogenic virus 

in Z^™^t mothers with AAV did not protect the off 
spring from tumor development when inoculated with adenoviru -31 
shortfy after birth. In fact, in the case of female progeny, the fract on 
of animals developing tumors increased to 100%. The reason for th 
increase in tumor incidence in female progeny is unknown. These 
e ults differ from the experiments previously mentioned in which 
transplacental transmission of AAV protected progeny frondy^ 
novirus infection (Lipps and Mayor, 1982), suggesting a.diffei^cem 
the mechanism of AAV protection from lytic and oncogenic adenovirus 

inf Gilden^ al. (1968a) found no protection from adenovirus-12 tumor 
induction by AAV. This paradox was explained by low mfectivity of 

he AAV preparation used (Gilden et al., 1968b). Recent data however, 
suggest that AAV infectivity , as defined by virus titer is not a prereq- 
uisite for the inhibition of adenovirus oncogenicity. When purified DI 
particles of AAV were injected into newborn hamsters, a decrease in 
?he action of animals developing tumors after subsequent inocula- 
tion with adenovirus-12 was seen (de la Maza and Carter, 1981). In all 
experiments, the inhibition seen with DI particles was as great as or 
greater than that seen with infectious AAV particles. Inhibition of 
oncogenicity was also seen when purified AAV DNA was used instead 
of complete virions. Furthermore, DNA from DI particles as well as 

L3d viral DNA inhibited oncogenicity. No effect was seen when 
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Poly(I:C), an interferon inducer, was used instead of AAV DNA sug 
gesting that interferon was not involved in the inhibition phenome- 
non Since AAV DI particles, DI particle DNA, and sheared infectious 
viral DMA all inhibited adenovirus oncogenicity, it has been suggested 
that the termini of AAV DNA or sequences close to the termini are 
involved in the inhibition phenomenon (de la Maza and Carter 1981- 
Cukor et al., 1984). ' ' 

As mentioned above, only certain serotypes of adenovirus are on- 
cogenic m vwo, whereas all serotypes can transform rodent cells in 
vitro The tumongenicity of cells transformed by adenovirus in vitro is 
related to the type of virus used to transform the cells. Cells trans- 
ormed with adenovirus-5, a nononcogenic strain, are less oncogenic 
han cells transformed with adenovirus-12, a highly oncogenic strain 
(Freeman et al, 1967a-c; McAllister et al, 1969; Gallimore and Para- 
skeva 1980; Van den Elsen et al, 1982). Therefore, it is interesting to 
consider the changes that take place at the cellular level during ade- 
novirus transformation. Furthermore, it is interesting to consider 
what changes may be made by AAV at the cellular level which would 
decrease tumorigenicity. 

The region of the adenovirus genome required for cell transforat- 
ion has been mapped to the left-hand 11 map units (Graham et al, 

unit lT/° P °r 6t a i-'^I 4 L THiS r6gi0n COntains two transcriptional 
units called Ela and Elb. Their promoters map at 1.5 and 4 5 map 

units respectively (Wilson et al, 1979). Analysis of adenovirus-trans- 

ZZf nMA S ^ Wed u th f tMs regi0n ° f the genome is integrated into 
cellular DNA (Sambrook et al, 1974). This region is highly conserved 
with respect to nucleotide sequence and structural organization among 
various serotypes of adenovirus (Bos et al, 1981; Van Ormondt and 
9? S ?o r ' j o Ela regi0n encodes Proteins of approximately 11, 

if: Q a " d I 3 ' 55 k ? a (Levinson and Levine, 1977; Jochemsen et al, 

5 « !f r^ S et al - 1980X The Elb re ^ on encod es two protein of 19 
and 55-58K (Bos et al, 1981). 

Studies with host-range mutants of adenovirus show that Elb ex- 

r, S / S1 ° 1 qim r T ired tra J nsformation (Graham et al, 1978; Lassam 
et al 1979). However, studies using DNA transfection of specific re- 
striction fragments showed that the left-hand 4.5% of the adenovirus 
genome, containing the Ela region only, is capable of partially trans- 
forming cells (Schrier et al, 1979; Houweling et al, 1980) Further- 
more adencmrus host-range mutants in the Ela region also only par- 
tially transform cells (Graham et al, 1978; Lassam et al, 1979) These 
results could be explained by postulating a requirement of functions 
from both Ela and Elb for cell transformation 
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Oncogenes can be classified in one of two categories (Houweling et 
al, 1980; van derEb etaL, 1979; Triesman etaL, 1981; Rassoulzadegan 
et al, 1982; Land et al, 1983; Ruley, 1983). One type of oncogene 
provides an establishment function that is required for cell immor- 
talization. The second type of oncogene, the transforming function, is 
required for full expression of the oncogenic phenotype. The Ela re- 
gion provides the establishment function. Transforming genes, such as 
polyoma virus middle-T antigen and the cellular oncogene isolated 
from T24 human bladder carcinoma cells (T24 ha-ras 1), are unable to 
transform primary baby rat kidney cells alone. When these genes were 
cotransfected with Ela, however, cell transformation took place 
(Ruley, 1983). The Elb region encodes the transforming functions 
(Shiroki et al, 1979; Houweling et al, 1980; Van den Elsen et al, 1982). 
Cotransfection of Ela and Elb resulted in cell transformation. 

Differences between oncogenic and nononcogenic serotypes of ade- 
novirus have been noted at the cellular level. Some of these involve the 
ability of adenovirus-transformed cells to escape immune surveillance 
(Schrier et al, 1983; Bernards et al, 1983b). The ability of transformed 
cells to escape immune surveillance does not entirely explain the dif- 
ference between oncogenic and nononcogenic strains of adenovirus, 
however. A difference in oncogenic potential between adenovirus-5 
and adenovirus-12 can also be seen when cells transformed by these 
viruses are injected into nude mice. Studies with chimeras mapped the 
region involved to the region encoding the large tumor antigen of Elb 
(Bernards et al, 1982, 1983a). This antigen is a 58 kDa protein in 
adenovirus-5 and a 55 kDa protein in adenovirus-12 (Bos et al, 1981). 
The 58 kDa T-antigen of adenovirus-5 is associated with a 53 kDa 
cellular protein (p53) in adenovirus-transformed cells (Sarnow et al, 
1982a). This is the same cellular protein that is associated with the 
SV40 T antigen in SV40-transformed cells (Lane and Crawford, 1979; 
Linzer and Levine, 1979) as well as being present in a variety of other 
transformed cell lines (DeLeo et al, 1979; Rotter et al, 1980; 
Benchimol et al, 1982; Thomas et al, 1983). 

Experiments have been reported that were aimed at determining the 
effect of AAV on adenovirus transformation in vitro. Casto and Good- 
heart (1972) reported that AAV1 could inhibit transformation of ham- 
ster cells by either the human adenovirus-12 or the simian ade- 
noviruses SA7 and SV11. Quantitation of the dose dependency of the 
inhibition phenomenon showed that a higher multiplicity of AAV in- 
fection was required to inhibit transformation by a given percentage 
than was required to inhibit adenovirus replication by that same per- 
centage. Whether this represents a difference in the mechanism by 
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which AAV inhibits the two adenovirus functions or a difference in 
the mechanism by which adenovirus carries out these two functions is 
unknown. 

When AAV is infected into cells already transformed by adenovirus, 
the cells lose some of their oncogenic phenotype. When hamster cells 
transformed with adenovirus-12 were infected with AAV2 and subse- 
quently injected into newborn hamsters, a decrease in the percentage 
of animals with tumors from 53 to 25% was noted (de la Maza and 
Carter, 1981). These experiments were also performed using a ham- 
ster cell line named H14b which is transformed by adenovirus-5, 
(Williams, 1973; Goldman et al, 1974). This cell line is anomalous in 
that, although it is transformed by adenovirus-5, it is still oncogenic 
when injected into newborn hamsters. When H14b cells were infected 
with AAV prior to injection into 4- to 5-day-old hamsters, between 17 
and 40% of the animals developed tumors as opposed to the 75-100% 
levels seen when uninfected H14b cells were injected (Ostrove et al, 
1981). Additionally, the mean latent period increased from 21 to 45 
days and the tumor volumes decreased as much as 1000-fold. This 
inhibition of oncogenicity was not observed with a chemically trans- 
formed cell line, DMBA-2R (Lausch and Rapp, 1971). The inhibition of 
oncogenicity of H14B cells was not total in that if the dosage of cells 
given to the animals was increased, the inhibition was no longer seen 
(Ostrove et al, 1981). In addition to the decrease in tumorigenicity, 
AAV-infected H14b cells also demonstrated an increased anchorage 
dependency in growth and a temporary decrease in saturation density. 

No replication of AAV DNA was detected in infected cells, con- 
sistent with the data of de la Maza and Carter (1981) that AAV rep- / 
lication is not required for inhibition of oncogenicity. Transcription of 
AAV DNA was seen, however. This is to be expected since the ade- 
novirus helper function for transcription is provided by early region 1 
which is expressed in these cells (Williams, 1973; Goldman et al., 
1974). Furthermore, the presence of transcription suggests that a lim- 
ited amount of DNA replication may have taken place in order to 
create a double-stranded template for transcription. 

Southern blot analysis showed that no alteration in the integrated 
adenovirus DNA occurred with AAV infection, and Northern blot 
analysis showed that no change in adenovirus transcript accumulation 
occurred either. Analysis of the tumor antigens by immunoprecipita- 
tion with antisera raised in hamsters against H14b cells showed an 
80% reduction in the amount of 58 kDa T antigen present when H14b 
cells were infected with AAV. 

The association of the 58 kDa T antigen with cellular p53 has already 
been discussed. Additionally, Elb has been implicated both in the 
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shutoff of host cell protein synthesis (Babiss and Ginsberg, 1984) and 
in the production of adenovirus proteins (Rovve et aL, 1984). The de- 
creased level of Elb proteins seen with AAV infection could have 
many effects on the metabolism of the adenovirus-transformed cell. It 
has yet to be determined which of the effects is altered by AAV. This 
determination may indicate the specific Elb functions required for 
transformation. 

The phenomenon of oncogenic inhibition by AAV is not restricted to 
adenovirus-transformed cells. A line of hamster embryo fibroblasts 
transformed by Herpes simplex virus type 2 (HSV-2) named 333-8-9 
(Duff and Rapp, 1971a,b) were infected with AAV1 and inoculated 
into weanling Syrian hamsters (Cukor et aL, 1975). The mean latent 
period before tumor development rose from approximately 30 days in 
control animals to approximately 50 days in animals that received 
AAV-treated cells. The mean survival time of the group receiving 
AAV-treated cells was 50% greater than the mean survival time of the 
group receiving untreated cells. Adeno-associated virus had no effect 
on the growth rate of 333-8-9 cells in vitro as measured by cell count 
and protein synthesis. 

Adeno-associated virus gene expression in the absence of adenovirus 
can be detected in 333-8-9 cells at the level of capsid protein synthesis 
(Mayor and Drake 1974; Blacklow et aL, 1975, 1978). Indirect immu- 
nofluorescence of AAV-infected 333-8-9 cells showed production of 
VP1 and VP3 but not VP2. This capsid protein synthesis was seen with 
AAV1 and AAV3 infection but not with AAV4. 

The ability of AAV to mediate herpesvirus-induced oncogenicity is 
interesting in light of the possible association of Herpes simplex vi- 
ruses with cervical neoplasia. Epidemiologic evidence has been ac- 
cumulating that implicates an infectious agent as the cause of cervical 
carcinoma (Kessler, 1977; zur Hausen et aL, 1981). Evidence has also 
been accumulating that implicates Herpes simplex virus as that infec- 
tious agent. The evidence includes (1) the presence of HSV-2 DNA in 
cervical carcinoma biopsy samples (Frenkel et aL, 1972), (2) the pres- 
ence of HSV-2 RNA and protein in premalignant and malignant cer- 
vical tissue (McDougall et aL, 1980; Elgin et aL, 1981; Maitland et aL, 
1981), and (3) the presence of higher HSV-2 antibody titers in cervical 
cancer patients than in appropriately matched controls (Aurelian et 
aL, 1970; Rawls etaL, 1980). Additionally, studies of HSV in vitro have 
shown the virus to be an inducer of cell transformation (Duff and 
Rapp, 1971a), chromosomal aberrations (Hampar and Ellison, 1963), 
and DNA repair (Lorentz et aL, 1977; Nishiyama and Rapp, 1981). 

Evidence is also accummulating that suggests the involvement of 
human papilloma viruses (HPVs) in cervical cancer. Biopsy material 
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has been examined for the presence of HPV DNA sequences and sever- 
al biopsies have tested positive for HPV- 16 and HPV-18 sequences 
(Durst et aL, 1983; Gissmann et aL, 1984; Crum et aL, 1984; zur Hau- 
sen et aL, 1984). It has long been known in animal systems that . pa- 
pilloma lesions can convert to carcinomas when exposed to potent car- 
cinogens or radiation (Rous and Friedwald, 1944; Jarrett et aL, 1980). 
Therefore, it has been suggested (zur Hausen, 1982) that human cer- 
vical cancer is the result of the conversion of papilloma virus-induced 
cervical dysplasias into malignant tumors. Furthermore, it has been 
suggested that Herpes simplex virus can serve as an agent inducing 
this conversion. The mutagenic nature of HSV-2 is consistent with this 
hypothesis. 

It is tempting to consider the possibility that, as an inhibitor of 
Herpes simplex virus oncogenicity, AAV may be inhibiting the her- 
pesvirus-induced conversion of a papilloma lesion to a malignant tu- 
mor. It should be noted that the most recently isolated serotype of 
adeno-associated virus, AAV-5, was isolated from a flat penile con- 
dyloma (Bantel-Schaal and zur Hausen, 1984). 

Two types of experiments have been designed to test the involve- 
ment of AAV in inhibiting herpes oncogenicity. A line of Chinese 
hamster embryo cells transformed by SV40, C0631 (Lavi 1981), can be 
induced to amplify its integrated SV40 sequences by chemical car- 
cinogens. Additionally, it has been shown that HSV-1 can also induce 
this gene amplification (Schlehofer et aL, 1983a). Coinfection of 
C0631 cells with HSV-1 and AAV5 inhibited the amplification of the 
SV40 sequences (Schlehofer et aL, 1983b). This inhibition was seen 
when AAV5 was added at any time from several days before to 3.5 
hours after HSV-1 infection. Surprisingly, AAV5 also inhibited the 
induction of SV40 sequences by dimethyl benzanthracene (DMBA). It 
did not inhibit the induction by either 4-nitroquinoline-l-oxide or ben- 
zo[alpyrene. Not only did AAV5 inhibit induction by DMBA, AAV5 
replicated in these cells. This was surprising since no apparent helper 
virus functions were present. This helper virus-free replication has not 
been seen in any other cell line subsequently tested with AAV2 (E. 
Winocour, personal communication). 

The second type of experiment involved the seroepidemiology of 
AAV infection. In three different studies (Sprecher-Goldberger et aL, 
1970, 1971; Mayor et aL, 1976; Georg-Fries et aL, 1984) patients' sera 
were tested for the presence of antibody to AAV1, AAV2, AAV3, and 
AAV5. The presence of antibody to AAV was lower in cancer patients 
than in normal patients. When a specific group of cervical cancer 
patients was tested (Mayor et aL, 1976) only 14% possessed antibody, 
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in contrast to greater than 80% of the control groups. In the case of 
AAV5, when the geometric mean titers were compared, the control 
patients exhibited approximately 3-fold higher titers than the cervical 
cancer patients (Georg-Fries et al, 1984). 

Although these experiments are indirect and represent preliminary 
data, they yield .enticing results. Clearly the role of AAV in inhibiting 
herpesvirus and adenovirus oncogenicity requires more detailed mo- 
lecular analysis before firm conclusions can be drawn. 



VII AAV as a Eukaryotic Cloning Vector 

The development of recombinant DNA technology has provided a 
variety of useful tools to study gene expression. Prokaryotic cloning 
vectors made from bacterial plasmids or bacteriophage have allowed 
biologists to isolate specific genes of interest and to prepare large 
quantities of the DNA for biochemical analyses, such as nucleotide 
sequencing. In order to understand the functional significance of these 
sequences, however, it is necessary to develop a system in which cloned 
genes can be expressed in their natural environment. If the genes are 
from a mammalian source, it would be interesting to study their ex- 
pression in mammalian cells. 

Animal viruses have provided a basis from which to design vectors. 
Representatives from almost every family of DNA animal viruses and 
representatives of one group of RNA animal viruses have been used as 
mammalian vectors. One of the most popular families of viruses for 
this purpose has been the papovavirus family. Vectors have been made 
from SV40 (Goff and Berg, 1976, 1979; Hamer and Leder, 1979; 
Hamer et al, 1979; Mulligan et al, 1979; Mulligan and Berg, 1980) and 
from bovine papilloma virus (Sarver et al, 1981, 1982; Di Meo et al, 
1982; Law et al, 1982). Other viruses that have been used as vectors 
include adenoviruses (Thummel et al, 1981), herpesviruses (Kwong 
and Frenkel, 1984), poxviruses (Mackett et al, 1982; Panicalli et al, 
1983), and retroviruses (Weeks et al, 1982; Joyner and Bernstein, 
1983). 

The potential of retrovirus vectors is particularly interesting. Al- 
though they are RNA viruses, retroviruses replicate using a DNA 
intermediate (Gilboa et al, 1979a,b). This DNA intermediate inte- 
grates into host cell DNA in a conserved way; that is, the junction 
between viral and cellular DNA is through the viral terminal repeats, 
with very little rearrangement of internal sequences (Dhar et al, 
1980; van Beveren et al,, 1980; Shimotohno et al, 1980). This suggests 
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that retroviruses may be used as efficient vehicles for transduci. 
foreign genes into a cell and inserting those genes into the host chr 
mosome (Weeks et al., 1982; Joyner et al, 1983). Recently it has be. 
shown that, by infecting preimplantation embryos with retroviral ve 
tors genes can be inserted into the germ line 0 f mice (van der Putten 
al., 1985; Jahner et al., 1985). 

In addition to being used as a vehicle for transducing and expressin 
genes, retroviruses can be used to map and clone cellular DNA I 

TelTcJ T b6en retrovi — -n insert into and mu 

genize cellular genes and that this provides a tool for cloning out th 

7al S ?9£ ^T^t? ? 1981; JenkinS et aL ' 1981; Jaeni 
1981) IS ' / 1983; W ° lf and Rotter > 1984 ; F ™nkel et al 
cell simH S ar P r;J eS 3 P0We J fU , 1 f ° r g6ne ma PP in ^ in mammalia) 
1977- fZ \Z t ?°fo^° Vlded by bacteri °P h age mu (Denaire et al. 
or Drl i v p° - 19?7) ' ty 6lements (Roeder and 1980) 

tenfs t£ T 6 emer !f S (SeaHeS et aL ' 1982) in their re *Pect ve sys 
terns. The mutagenized gene could be cloned easily if the origins 

retrovirus was carrying a gene that would allow for prokaryotic selec 

tion-either a replication origin (Cepko et al., 1984) or a bacte L 

suppressor tRNA gene (Reik et al., 1985) 

drawbtkrTnp e lT tential , adVantageS ' retrovi ™es have certain 
powerful Lb, / r ° V 'T T g t6rminal repeats (LTRs) c °ntain 
tTvr eX n essior^ 7?°™^ ^ W ° uM P r0mote con ^itu- 

derirSTSp T TP gene , bemg tran ^uced. This may not always be 
desirable. The LTRs may also turn on cellular genes downstream from 
the point of integration (Quintrell et al., 1980). If the downstream gen" 
happens to be a cellular oncogene, the result could be cell transforma 

tZlu ay 7i rd u ^ u 1981; Payne « aL ' 19t * Neel et al., miTlZ- 
tionally, it has been shown that intron sequences of genes inserted into 

Sr^ssT^ir^ !°1 ? ™? tranS ^ct-^Shimotohno and 
l emin, 1982). Finally, the last drawback of retrovirus vectors is that 

^ n :ir g sduced may not be easiiy — ed - d — 

As mentioned above, AAV may integrate into host cell DNA in the 

^£^: i ™^ n ^*« 0n GVent r6SembIes that of -tro 
viruses in that the viral-cellular junction is always through the viral 

termini (Cheung et al., 1980; Berns et al., 1982) Secondly altWh 
Sheln7^ri98 W 0; hm *t ^ 

(Cheung et al., 1980), enough intact sequences must remain for effi- 
cient virus production upon superinfection with helper adenovirus 
(Hoggan et al., 1972; Handa et al., 1977). This suggests that AAV can 
be used as a transducing vector in much the same way as retroviruses 
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m ?p m ? 5> I9 ' a " d 40 (Lau f*lm « a;., 1979 Green e ,tf 19 g 8 „T e 
sjent , expression .assays. In the assays, both p!9 a„^ p?o ^aeti veTn' 

experiments involved transduction of the bacteriff ° f 

were substrtuted for the clpsid encod ing ^ ™„ o^the^AAV e ' Cment 
V.rus stocks were made by cotransfection oX plsmld fl h f ^ 

virus (P. L. Hermona and N. ^^^^ tor 

The resultant v ir„ e of i muzy f ZKa ' Personal communication) 
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promoters (M. A. Labow, L. H. Graf, and K. I. Berns, unpublished 
observations; B. J. Carter, personal communication), it is possible that 
rep gene mutations may have been selected for inadvertently in this 
procedure. It should be noted that the increased selection time also 
increased the number of vector copies present in the integrated tan- 
dem repeat (P. A. Collis, P. L. Hermonat, and N. Muzyczka, personal 
communication). This correlates well with the fraction of rescuable 
clones, suggesting that multiple copies of rep may be required for 
rescue and replication under these conditions. 

Tratschin et aL (1985) placed the neomycin resistance gene under 
the control of the p40 promotor of AAV. The transduction frequency 
was similar to that observed by Hermonat and Muzyczka (1984). 
Southern blot analysis revealed the vector had integrated in both sin- 
gle and multiple tandem copy forms. 

Both reports show the possibility of gene transduction by AAV vec- 
tors. Some of the drawbacks to retrovirus vectors do not exist with 
AAV. First, the AAV promotors are located internally and can be 
altered or eliminated if desired. This would allow the study of genes 
regulated by their own promoters. Second, AAV integration has never 
been shown to activate cellular oncogenes. Third, the host range of 
AAV is greater than those of retroviruses. Finally, AAV is easily 
rescuable. This phenomenon would be very useful in cloning dominant 
selectable genes from cDNA libraries. 

The major drawback to AAV is its size. The AAV genome is 4.7 kb in 
size. The terminal 6% of the genome is required in cis for replication 
(Samulski et aL, 1983; Lefebvre et aL, 1984) and possibly for integra- 
tion (Cheung et aL, 1980; Grossman et aL, 1984, 1985). The rep region 
is required in trans for replication (Hermonat et aL, 1984; Tratschin et 
aL, 1984a; Senapathy et aL, 1984). Sizes of AAV vectors greater than 
approximately 110-115% are not efficiently packaged (P. L. Her- 
monat and N. Muzyczka, personal communication). This leaves ap- 
proximately 2.5 kb of sequence that can be substituted. It may be 
possible to gain another few kilobases if the rep region can be elimi- 
nated through complementation, but this has not yet been demonstra- 
ted. 

Prokaryotic molecular biology has required the development of 
many different kinds of cloning vectors and there is no reason to as- 
sume that the same is not true of eukaryotic molecular biology. Many 
different kinds of eukaryotic cloning and expression vectors have al- 
ready been designed. Evidence is not accumulating to suggest that 
AAV-based cloning vectors may play a unique role in the study of 
mammalian genetics and gene regulation. 
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VIII. Conclusions 

Adeno-associated virus was initially viewed as an interesting sys- 
tem to study because of its unusual biology and because of its small 
size and the simplicity of the virion. The latter suggested the pos- 
sibility that the simplicity of structure might be reflected in a mode of 
replication that was also relatively simple. As has become increasingly 
apparent and is reflected in this article, the truth has proved to be 
quite the opposite. Not only does the small genome code for the few 
structural proteins needed, but it also codes for at least two proteins in 
an ORF required for DNA replication. In addition, although AAV gene 
expression and DNA replication are dependent upon helper virus func- 
tions, a significant amount of self-regulation of these functions also 
occurs. All of these functions must be accommodated within a genome 
which is even smaller than that of the polyomaviruses. Hence, it is not 
surprising that the same sequences must participate in multiple func- 
tions, much as has been found to be the case with the polyomaviruses. 
This pleiotropy of many sequences has therefore rendered the genetic 
analysis of the virus actually more complex than may be the case for 
more complex genomes where such information and functions have 
more chance to be spaced along the genome. In the case of AAV it has 
frequently been difficult to be sure of just how many functions may 
have been affected by a single change in the DNA sequence. What has 
emerged is a fascinating picture of multiple layers of regulation which 
interdigitate quite closely. One of the suggestions emanating from this 
complex scheme is that rather than AAV replication being a unique 
process, it is more a demonstration of generality at the level of mecha- 
nism. In support of this notion are the facts that all aspects of AAV 
function require helper virus function and the fact noted in the intro- 
duction that AAV and its two helper viruses are structurally almost 
totally distinct and represent all the families of nuclear viruses with 
linear DNA genomes. 

The extensive mutual interactions between AAV and its helper vi- 
ruses raise an interesting question about the relationship between 
AAV and the autonomous parvoviruses. Although only extremely lim- 
ited sequence homology exists between viruses in the two genera, the 
structural similarities are quite striking. (1) Virion diameter, shape, 
and density are indistinguishable. (2) The linear single-stranded DNA 
genomes differ in length by approximately 10%. (3) Although the au- 
tonomous parvoviruses were initially reported to encapsidate only the 
minus strand, whereas AAV encapsidates both plus and minus strands 
with equal frequencies in different virions, it is now clear that the plus 
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strand may also be encapsidated by some autonomous parvoviruses, 
sometimes as frequently as the minus strand. (4) The palindrome at 
the 3' end of the virion strand of the autonomous viruses is very 
similar in length and potential secondary structure to the palindrome 
sequence in the AAV inverted terminal repeat, yet the 5' palindrome 
on the right end of the autonomous parvovirus minus strand is not a 
terminal repeat and is unique from-any^AAV sequence. In the case of 
the human autonomous parvovirus, B19, however, inverted terminal' 
repeats are seen (Shade et al., 1986). (5) The palindromes at both ends 
of the AAV genome are inverted during DNA replication, but only the 
5' palindrome of the autonomous parvovirus genome is similarly in- 
verted during replication. (6) The 5' palindrome has protein covalently 
linked at the termini during replication and is blocked when extracted 
from the virion. No such terminal protein or block has been demon- 
strated for AAV DNA. (7) Virions of both genera contain three coat 
proteins which have overlapping amino acid sequences and the same 
relative molecular weights. (8) Both genomes generate three general 
species of transcripts, although only two promoters have been demon- 
strated on the autonomous parvovirus genome as opposed to the three 
on the AAV genome. However, the two autonomous parvovirus pro- 
moters correspond in position to two of the AAV promoters. Also, a 
third promoter analogous to the pl9 promoter of AAV has been found 
in B19 (Shade et al., 1986). (9) The ORF arrangements appear very 
similar on the two genomes. (10) One or two early proteins have also 
been identified in the case of the autonomous parvoviruses. (11) The 
left-side ORF of the autonomous parvovirus H-l can also serve as a 
trans-activator of capsid gene transcription (Rhode, 1985). With all of 
this similarity and the autonomy in replication of the parvoviruses, it 
is truly amazing that AAV replication requires the large number of 
helper virus functions that have been demonstrated. It is still unclear 
at the mechanistic level as to how different the replication of the two 
genera may actually be, but the serious possibility does exist that the 
two are significantly different at the regulatory level. If they are not, 
what is the significance then of the wide spectrum of helper virus 
functions that are needed? This is certainly one of the major questions 
outstanding about the molecular biology of these viruses. 

The biology of AAV has become increasingly of interest as the rela- 
tionship between it and the host cell and helper viruses have become 
better understood. No disease has been associated with AAV infection. 
Thus, AAV may be nearly an ideal parasite since the general notion is 
to use, but not abuse, the host for virus propagation. This aspect is 
certainly well recognized in general, as is the concept that some micro- 
oganisms may actually be of benefit to the host. However, AAV is the 
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first animal virus for which this positive function has been suggested. 
Whether or not the presence of the virus does protect the host from 
either the acute pathogenic properties of either of the helper viruses or 
from only possible tumorigenic induction has still not been con- 
clusively demonstrated, but the properties of AAV in this respect in 
cell culture and model systems in vivo are certainly suggestive. 

Just how frequent the presence of AAV is in the population is diffi- 
cult to estimate because it only has been isolated in the case of concur- 
rent adenovirus infection. However, the high incidence of antibodies 
in the human population, the ability of AAV to establish latent infec- 
tions from which it can be efficiently rescued by helper virus infection, 
and the high frequency of latent infection demonstrable in primary 
cultures of monkey cells make it seem likely that AAV is frequently 
present in the population, and thus further studies on possible protec- 
tion for people are probably highly justified. Thus, an understanding 
of AAV latent infection would be helpful from an epidemiological 
point of view. Knowledge of the basic mechanisms is also desirable 
because the AAV genome has many of the physical and biological 
properties of mobile genetic elements, whose presence in animals is 
becoming increasingly apparent. 

In summary, AAV represents a system which is an excellent model 
for the study of the regulation of replication in vertebrate cells and of 
the complex interactions not only between cells and viruses, but also 
interactions between different viruses which occur naturally. 
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